The DNA repair genes RAD54 and UNG1 have MCB elements in their promoters and are shown to be cell cycle regulated. Their transcripts are coordlnately expressed with RNR1, ribonucleotide reductase, a MCB-regulated gene known to be expressed in late G1. However, no evidence was obtained for a direct role of MCB elements in DNA repair. Of the proteins that bind and activate MCB elements, only mutations in SWI6 have a defect in DNA repair, showing significant sensitivity to methyl methane sulphonate. Furthermore, analysis of the CDC9 promoter Indicates that MCB elements are not required for the induction of the gene by ultraviolet light irradiation. These promoter elements may not respond directly to DNA damage but may have a role in enhancing the induction response.
INTRODUCTION
At START, when budding yeast cells commit to the mitotic cell cycle, a transcriptiona] programme is set in train. This involves two transcription complexes known as SBF, which recognise promoter sequences known as SCB elements, and DSC1/MBF, which binds to a different but related sequence known as an MCB element (for review see 1,2). Relatively few genes are known that are SCB-regulated, the most prominent of these are CLN1 and CLN2, encoding Gl cyclins involved in execution of START. Many more genes are regulated by MCB elements and these are principally involved in DNA synthesis. The genes regulated by both SCB and MCB elements are expressed under cell cycle control being transiently transcribed in late Gl. Hence SBF and DSC1/MBF have some intrinsic means of responding to cell cycle progression and activating their target genes at the appropriate time.
The core structure of both SBF and DSC1/MBF has been determined. In the case of SBF the DNA binding specificity resides in the Swi4 protein (3) whilst with DSC1/MBF it is the Mbpl protein (4) . These two proteins are related both structurally and functionally, since they share sequence homology and strains deleted for either gene are viable but deletion of both genes is lethal. This lethality can be prevented by expression of a CLN gene under a heterologous promoter, so that the lethality is due to the absence of Gl cyclins. Both SBF and DSC1/MBF have one other component and, significantly, it is the same protein, encoded by the SWI6 gene (5, 6) . Swi6 has no specific DNA binding capacity and is targeted to MCB and SCB elements by Mbpl and Swi4, respectively (reviewed in 1). Whilst deletion of Swi6 is not lethal, it results in a severe perturbation in the cell cycle regulation of MCB-and SCB-regulated genes (5, 6) . These facts suggest that it is Swi6 which responds to cell cycle progression and is in some way activated in late Gl to express the genes at the appropriate time (reviewed in 1).
As well as being under cell cycle control, some of the MCB-regulated genes are also induced following DNA damage. These include CDC9, encoding DNA ligase (7), DNA polymerase I (8) and ribonucleotide reductase (9) . Moreover, certain genes originally characterised as having defects in DNA repair, such as RAD51 and PMS1, were found to possess MCB elements and to be cell cycle regulated (10, 11) . In the case of RAD51 that, too, was induced by DNA damage. An attractive hypothesis is that many of the MCB-regulated genes have dual roles in DNA repair and in S phase during the mitotic cell cycle (2). After DNA synthesis there are likely to be lesions left in DNA that require repair and after DNA damage the capacity for DNA synthesis is necessary to carry out the requisite repair. Obviously MCB elements could play a pivotal role in this, being responsible for the cell cycle regulation of the genes, as outlined above, and perhaps also playing a role in the DNA damage induction of the genes. In effect, the MCB-DSC 1 system may provide a means for supplying the necessary enzymes for repair DNA synthesis outside of S phase in non-cycling cells.
In this paper we have explored the possible role of MCB elements in DNA repair. We show that two further DNA repair genes, RAD54 and UNG1, that have MCB elements in their promoters (12, 13) , are cell cycle regulated. However, surprisingly, strains mutated for either or both of the SW14 or MBP1 genes show no detectable defects in DNA repair, whilst a Swi6 delete shows only a slight defect Moreover, analysis of the CDC9 promoter suggests that MCB elements do not have a primary role * To whom correspondence should be addressed in transmitting the DNA damage signal but may act as enhancers to boost the signal once the genes are activated.
MATERIALS AND METHODS

Yeast strains
CG378 MATa adeS Ieu2 trpl ura3 W303-la MATa ade2 trpl canl Ieu2 his3 ura3 BM1 MATa mbpl::URA3 swi6::TRPl swi4 u ade2 Ieu2 his3 met The first two of these strains are standard laboratory strains whilst BM1 was constructed by Dr B. Morgan in this laboratory and is congenic with W3O3-la.
Media and general methods
YPD and YNB (Difco) media were used as rich and minimal medium, respectively. Cell numbers were determined by use of a Coulter counter (Coulter Electronics, Dunstable, UK). Standard genetic and molecular genetic techniques were employed.
a-Factor synchronisation
Cells from strain CG378 were grown to mid log phase in YNB (~4 x 10 6 cells/ml) and a-factor added to a final concentration of 2.5 Hg/ml. Incubation was continued for 4 h at 25°C and the a-factor was then removed by filtration and washing. The cells were then resuspended in fresh medium at an appropriate density.
RNA hybridisation
This has been described in detail previously (8) and only the salient points are repeated here. Total RNA was extracted from cells and samples (5 ^ig), denatured with glyoxal, were separated on 1.2% agarose gels. The RNA was transferred to GeneScreen hybridisation membrane (Dupont) and probed with 32 P-labelled DNA. For both RAD54 and UNG1, probes consisted of internal fragments of the gene that were amplified by PCR. Following autoradiography, appropriate exposures were quantitated by densitometry.
Methyl methane sulphonate treatment and ultraviolet light-irradiation
Both of these protocols have been described previously (7) . Briefly, for the MMS treatment mid-log phase cells were washed, resuspended in phosphate buffer and exposed to 0.3% MMS for 60 min in the presence of glucose and with aeration. The irradiation was also carried out on mid-log phase cells. After appropriate dilution the cells were spread on YPD agar plates and exposed to ultraviolet (UV) light In both cases incubation at 37 °C took place on agar plates after treatment with the DNA damaging agent
CDC9 promoter analysis
The translational fusion of the CDC9 promoter and open reading frame to the Escherichia coli lacZ gene, has been described previously (7) . The construct Z-9/Ye23 consisted of this fusion inserted into pEMBLYe23. The two upstream deletions of the promoter, A4 and A5, were based upon a linker scanning analysis of the CDC9 promoter previously carried out in this laboratory (14) . Digestion of two selected linker inserts with the appropriate restriction enzyme, followed by re-ligation allowed the construction of the deletions. Deletion A4 removed sequences from -103 to -128 (with respect to the ATG) whilst A5 removed sequences from -103 to -163 (15) . These deletions were then transferred to the CDC9 promoter in Z-9/Ye23 using standard techniques.
The constructs 55D and 160D containing CDC9 promoter fragments were constructed as follows. 55D is an Mnll-Alul fragment from nucleotides -101 to -156 whilst 160D is an Rsal fragment extending from -71 to -231 (15) . These fragments were then inserted in the forward orientation into the Xhol site, after flush-ending, of the vector pLG 178 (16) . This vector consists of the budding yeast minimal cytochrome C promoter linked to the E.colilacZ gene.
p*-galactosidase assay
This has been described in detail previously (7) . The salient points are these, mid-log cells were lysed by use of zymolyase and P-galactosidase was measured using the chromogenic substrate o-nitrophenyl P-D-galactopyranoside. The protein concentration of the lysate was determined and this was used to normalise (J-galactosidase levels.
RESULTS
RAD54 and UNG1 are cell cycle regulated
A computer search for genes with MCB elements in their promoters revealed two genes connected with DNA repair RAD54 and UNG1 (Uracil-/v* glycosylase). Internal fragments of each gene were labelled and used as probes in a RNA hybridisation experiment The RNA was derived from a highly synchronised culture prepared by a-factor block and release (Fig.  1 ). Both the RAD54 and UNG1 transcripts were very clearly periodically expressed with peak levels some 3-5-fold higher than the trough in the first cell cycle. Both showed periodicity over the two and a half cycles of the experiment and each peak was about one cell cycle apart. Thus both genes are expressed under cell cycle control.
The peaks in RAD54 and UNG1 expression occurred coincidentally with RNR1, a gene encoding the large subunit of ribonucleotide reductase with MCB elements in the promoter and known to be cell cycle regulated in late G1 (9, 17) . However, there were marked differences in the expression of RAD54 and UNG1 when compared with RNR1. During the incubation with a-factor, the RNR1 transcript was undetectable after 80 min, whereas RAD54 and UNG1 declined only gradually and were detectable throughout the 4 h incubation. After the release between the peaks of expression RNR1 declined to barely detectable levels, whilst RAD54 and UNG1 did not decline to nearly the same extent. Nonetheless, the cell cycle regulation is very obvious and since RAD54 at least is induced by DNA damage (12) , the cell cycle regulation of these two genes is consistent with MCB elements having a dual role.
swi6A cells show defects in DNA repair
If there is a definite link between MCB elements and DNA damage induction of some repair genes, we reasoned that the DNA repair capacity of mutations in the proteins constituting the DSC1 transcription factor might be impaired. DSC1 binds to MCB elements and is composed of Mbpl and Swi6 (see Introduction). Strains mutated in these proteins might therefore not activate normally the MCB-controlled genes required for Figure 1 . RAD54 and UNG1 are cell cycle regulated. Strain CG378 was synchronished by use of the pheromone a-factor. Following 4 h arrest, a-factor was removed, cells were resuspended in fresh medium and incubated at 25°C. Tliis culture has been used previously and budding for the culture is shown elsewhere (submitted for publication). Total RNA was extracted from each sample taken and Northern hybridisation analysis carried out with the indicated probes. RNA levels were quantitated by densitometry of appropriately exposed autoradiographs and normalised relative to the loading control (the ACTl transcript). During a-factor holding samples were taken at 80 min intervals and after release at 10 min intervals up to 120 min and thereafter at 15 min intervals. The four samples taken before release are shown separately from the remainder.
DNA repair, leading to defective repair and a sensitivity to DNA damaging agents (in an analogous fashion to rod mutants). When we explored this, we found swi6A strains to show significant sensitivity to the monofunctional alkylating agent methyl-methane-sulphonate (MMS) (Fig. 2) . After 60 min in 0.3% MMS a swi6A strain showed an ~ 100-fold greater reduction in viability compared with an isogenic wild-type. Or, alternatively, to achieve Strains deleted for swi6 are sensitive to MMS. A swi6 delete strain and the isogenic wild-type, W303-la, were grown to mid-log phase and exposed to 03% MMS. Samples were removed at 15 min intervals and after appropriate dilution spread on YPD plates and scored after 5 days incubation at 25 °C. For UV irradiation, mid-log cells were spread on YPD plates, irradiated and incubated at 25°C in rhe dark for 5 days. a similar effect on viability the swi6A strain required only 60% of the treatment given to the wild-type. Similar sensitivity was observed in three different genetic backgrounds (isogenic wildtype and mutant) arguing that it is a genuine effect of the swi6 deletion. The sensitivity was not enhanced in diploid strains and was of similar extent in either exponential or stationary phase cells. Similar results showing MMS-sensitivity of swi6A strains have been obtained independently by Dr H. Araki, University of Osaka (personal communication).
Strains deleted for swi6 also showed a slight sensitivity to Y-irradiation (data not shown). However, swi6A strains display a normal capacity to repair damage caused by UV irradiation up to at least 90 J/m 2 ( Fig. 2) . Swi6 delete strains grow rather poorly and it could be argued that the increased sensitivity to DNA damage caused by MMS treatment is simply due to synergistic killing. Thus, the normal response to UV-irradiation is an important control, suggesting that the MMS-sensitivity indicates a genuine defect in DNA repair.
In sharp contrast to swi6A mutants, no sensitivity to any of the above DNA damaging agents was detected in mbpl mutants or in swi4A mutants (data not shown). These two proteins have overlapping functions to some extent (see Introduction) and we therefore examined the response to DNA damage in a strain mutant for both genes. Deletion of both genes is of course lethal and a strain deleted for mbpl and temperature-sensitive for swi4 was therefore used. A swi6A mutation was included so that both the SBF and DSC1/MBF factors could be disrupted. To reveal any effect of the swi4 temperature-sensitive mutation, cells were Figure 3 . swi4 u mbplA strains are not defective in repair of DNA damage. Strain BM 1, swt4 u mbplAswi6A, was transformed with a centromere based vector carrying the SWI6 gene or with the empty vector. Further details are as described in the legend to Figure 2 , except that YNB medium and agar was used throughout with selection for the plasmid. The 37°C incubation was for 3.5 h following treatment held at37 o Cfor3.5h after treatment with DNA damaging agents, which by itself reduced viability only to a slight extent.
When the triple mutant strain carried a vector containing the SW16 gene, the effect of the swi4 and mbpl mutations could be assessed in isolation. However, together they had no significant effect on survival of cells treated with either MMS or UVirradiation (Fig. 3) . There was a slight increased sensitivity to UV-irradiation which, as expected from Figure 2 , was not enhanced by including the swi6A mutation (Fig. 3) . However, swi6A did enhance the MMS-sensitivity of the swi4' s mbpl A mutant (Fig. 3) , again as expected, but the sensitivity was not increased further by incubation at 37° C, so that Swi4 was not contributing to repair of MMS-induced DNA lesions.
In summary, the phenotype of these mutants suggests that the MCB elements have at best a minor role in the response to DNA damage. Or if they do have a role, Swi4 and Mbpl play little or no part in it MCB elements are not directly involved in DNA damage signal transduction
In order to examine directly whether MCB elements are involved in DNA damage signal transduction, we made use of our previous analysis of the CDC9 promoter (14, 18) . The CDC9 open reading frame was translationally fused to the E.coli lacZ gene (7), bringing p-galactosidase expression under control of the entire CDC9 promoter. Cells containing this construct, Z-9/Ye23, produced increased levels of P-galactosidase in response to UV-irradiation (7; Fig. 4B ). Note that the increase in pVgalactosidase levels is relatively low compared with our previously published data on increases in CDC9 transcript levels (7), this is due to the stability of the p*-galactosidase-Cdc9 fusion protein leading to high background levels of the enzyme. The promoter was then dissected and two small fragments of 55 and 160 bp, both containing the two MCB elements found in CDC9 (15; Fig.  4 A) , were fused to a heterologous minimal promoter in a reporter construct (see Materials and Methods). These two fragments both acted as strong enhancers leading to high levels of P-galactosidase (Fig. 4B) . The smaller fragment, 55D, stimulated higher levels of enzyme than the larger, 160D, due to the existence of a negative regulatory element on the latter (our unpublished observations). However, following UV-irradiation there was no change in (J-galactosidase levels in strains containing either the 55 or the 160 bp fragment (Fig. 4B) . Thus they lack the sequences necessary for response to DNA damage implying that MCB elements alone are insufficient.
To confirm this result, the MCB elements were deleted from Z-9/Ye23. The deletion in one construct, A4, started within the upstream MCB and removed 26 nt downstream, including the second MCB (Fig. 4A) . The second construct, A5, which also deleted both MCB elements, had the same 3' end point as A4 but removed additional upstream sequence. Both of these deletions substantially reduced the levels of P-galactosidase (Fig. 4B) . The smaller deletion, A4, showing a greater reduction than the larger, A5, due to the negative promoter element located upstream of the two MCBs remaining intact (our unpublished observations). Importantly, however, both of these promoter deletions responded to DNA damage and showed an increase in p^-galactosidase following UV-irradiation. Thus the MCB elements cannot be essential for DNA damage signal transduction but may act as enhancers to amplify the signal.
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DISCUSSION
We have shown that the two DNA repair genes, RAD54 and UNG1, are both cell cycle regulated in late Gl at the same time as RNR1. All three genes contain MCB elements in their promoters so that these are likely to be responsible for their co-ordinate regulation. Together with RAD51 and PMS1 this brings to four the number of genes with primary roles in DNA repair that are cell cycle regulated in late Gl along with the bulk of genes required for S phase. The likely reason for these DNA repair genes being regulated in this manner, is that they function in repairing lesions remaining in DNA after replication (2) . Note that in the case of RAD54 and UNG1 the regulation across the cell cycle did differ from RNR1. There was a constant background of the RAD54 and UNG1 transcripts, even after the incubation in a-factor. One interpretation of this is that RAD54 and UNG1 have two modes of expression, one of which is constitutive at a low level throughout the cell cycle and the Gl cell cycle regulation is superimposed upon this.
The cell cycle control of these two genes supports the case for MCB elements having a role in DNA damage signal transduction. A number of the MCB-regulated DNA synthesis genes are inducible by DNA damage and several RAD genes with MCB elements are DNA damage inducible and cell cycle regulated. In spite of this, our molecular data shows that MCB elements themselves are not directly responsible for the DNA damage response. Fragments of the CDC9 promoter carrying the two MCB elements expressed high levels of pVgalactosidase but failed to respond to DNA damage. Conversely, two promoter deletions that removed the MCBs, expressed only low levels of P-galactosidase but did respond to UV-irradiation. The only caveat to this latter result is the possible existence of cryptic MCBs in the CDC9 promoter. However, a computer search revealed only one possibility and that did not retain the essential CGCG core (2) . Therefore, at least in the CDC9 promoter, MCB elements appear to enhance the DNA damage response without playing an essential role in transmission of the signal.
The survival of the swi4, swi6 and mbpl mutants following DNA damage are broadly consistent with this. Perhaps most significant is the lack of any detectable sensitivity of strains deleted for SWI4 or MBP1 or even mutated for both genes. These are the only transcription factors with a known ability to bind MCB elements, and consistent with this, deletion of both genes is lethal due to a failure to express the Gl cyclins. The normal response of the swi4 ts mbpl A strain to DNA damage therefore argues strongly that MCB elements do not have a primary role in the DNA damage response. The necessary use of the swi^ allele does weaken this conclusion to some extent Essential DNA repair might occur after return of the strain to the permissive temperature. However, we previously used similar experiments to study DNA repair in the DNA ligase mutant cdc9 (19) . In that case, 1 hat37°C was sufficient for DNAlesions to cause lethality.
In view of the results with swi4 and mbpl mutants it is rather surprising that swi6 deletes are somewhat sensitive to MMS and ionising irradiation. The lethal lesions caused by both of these agents are of course double-stranded breaks which in yeast are repaired by a recombinarional mechanism. This might suggest that Swi6 has a role in the control of genes required for recombinational repair, such as RAD51 and RAD54. However, attempts to investigate this using RNA hybridisation of swi6 strains after MMS treatment proved technically difficult It is particularly striking that the swi4 ts mbpl A strain is not sensitive to MMS even after incubation at 37°C, bearing in mind that Swi4 and Mbpl are the only known MCB-binding factors. Thus there might be at least one other MCB-binding protein that interacts with Swi6 and has a role in regulation of genes involved in recombination.
